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ABSTRACT
The strain induced magnetic anisotropy (MA) of epitaxial Co-ferrite (CFO) thin films grown on MgAl2O4(001) (MAO) by reactive sputter-
ing was studied. These films underwent large tetragonal compressive strain due to the lattice mismatch between the substrates and films,
resulting in tetragonalities of up to 0.04. Scanning transmission electron microscopy observation combined with fast Fourier transform
analysis revealed that the lattice distortion monotonically relaxed with the increasing film thickness. Unlike the CFO(001) films on
MgO(001) substrates, a magnetically enhanced layer exists at the interface between CFO and MAO. A large negative uniaxial MA energy of
5.9MJ/m3 was confirmed for the thinnest film of 12.9 nm at 300K by magneto-torque measurements. The induced uniaxial anisotropy
decreased with the increasing film thickness owing to misfit relaxation. The magneto-elastic (ME) constant, which was determined by a fit-
ting line for films with different thicknesses and therefore different tetragonalities, was 0:156 0:01GJ/m3. This result is consistent with the
value of 0:14GJ/m3 for the bulk and suggests that the framework of the phenomenological ME theory for CFO is valid for a wide range of
tetragonalities, at least up to 0.04. Our results also indicate that the misfit engineering of CFO thin films has great potential in inducing
enhanced uniaxial MA.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5064845
A divalent Co ion located at an octahedral site possesses orbital
angular momentum in a periodical crystal field.1 Because magnetic
anisotropy (MA) mainly arises from spin-orbit interactions, most
magnetic compounds containing Co2þ exhibit large MA. Among
magnetic oxides containing Co2þ ions, Co-ferrite (CFO) belongs to
the class of magnetic materials with the highest Neel temperature, and
CFO structures with cubic symmetry have been shown to exhibit sig-
nificantly large MA.2 Because of the large orbital angular momentum
of Co2þ, CFO also exhibits considerably large magneto-elastic (ME)
coupling.3 In this sense, CFO is a good candidate for demonstrating
large induced MA through the ME effect.4,5 In general, the ME effect
can be understood within the framework of the phenomenological
model, where the induced MA energy is simply proportional to the
applied strain. However, it is not clear how much anisotropy energy
can be induced by applying strain and/or what is the maximum valid
limit of distortion.
To introduce large uniaxial strain into thin films, heteroepitaxy is
a promising technique.6,7 The induced MA energy through the ME
effect is calculated using a stress tensor, elastic constants, and the mag-
netostriction constants of the material. According to the conventional
phenomenological theory, uniaxial MA energy (Ku) can be expressed
as a simple linear function of tetragonality e1  e2. Here, e1 ¼ ðak
 a0Þ=a0 and e2 ¼ ða?  a0Þ=a0 indicate the in-plane and out-of-
plane distortions, where ak, a?, and a0 are the distorted in-plane and
out-of-plane lattice constants and the intrinsic bulk lattice constant,
respectively. For cubic systems with a tetragonal distortion, the
induced Ku is given Ku ¼ 32 k100ðC12  C11Þðe1  e2Þ.8 Here, k100,
C11, and C12 are the magnetostriction constant and elastic moduli,
respectively. The term 32 k100ðC12  C11Þ is called the ME constant B1
and hence Ku ¼ B1ðe1  e2Þ.
CFO thin films deposited on various substrates have previously
been investigated considering the various effects of lattice distortion
inducing MA via the ME effect.9–11 Unfortunately, the saturation mag-
netization value is usually far below the bulk value of 425 kA/m, which
corresponds to an inverse cation distribution in the spinel structure
with a significant orbital moment of approximately 0.6 lB that is
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associated with the octahedrally coordinated Co2þ ions.2 However,
Niizeki et al. recently developed a technique to grow high-quality CFO
thin films on MgO(001) by reactive RF magnetron sputtering.12 The
CFO epitaxial films exhibited saturation magnetizationMs¼ 430kA/m
comparable to that of the bulk and an induced Ku close to the value of
1.4MJ/m3, as expected from the phenomenological ME theory for
epitaxially strained CFO on MgO(001). Thus, the ME model in the
CFO(001) epitaxial system for small distortion ðe1  e2 ¼ 0:015Þ was
validated using an appropriate growth technique.
In this study, we experimentally investigated the ME coupling of
CFO films grown on MgAl2O4(001) (MAO) substrates by reactive RF
magnetron sputtering. The lattice constants of CFO and MAO are
0.838 nm and 0.808 nm, respectively; therefore, relatively large tetrago-
nal compressive strain can be introduced. We confirmed the largest
value of tetragonality to be e1  e2 ¼ 0:04. The thinnest film
showed an extremely large negative Ku of 5:9 MJ/m3. The strain
induced MA energy was found to be consistent with that expected
from the phenomenological ME theory.
The details of our experiments are as follows. Polished MAO(001)
substrates were cleaned with acetone and ethanol in an ultrasonic bath
for 5min and annealed for 1h at 773K in a vacuum chamber,12 where
the base pressure was 5 106 Pa. The FeCo (3:1 atom ratio) alloy was
used as a sputtering target. Ar and O2 gases were flown as process gases
at rates of 30.0 sccm (0.5Pa) and 6.0 sccm (0.1Pa), respectively. The
substrate temperature was maintained at 773K during the deposition.
To change the amount of strain, several CFO thin films of different
thicknesses ranging from 12.9 to 81.6nm were prepared. The surface
structure was observed by reflection high-energy electron diffraction
(RHEED). The thicknesses were evaluated by X-ray reflectivity (Rigaku,
MiniFlex600). To determine the in-plane and out-of-plane lattice con-
stants, X-ray diffraction (XRD) was performed (Rigaku, SmartLab, and
MiniFlex600). The microstructure around the interface was observed by
scanning transmission electron microscopy (STEM) (JEOL, JEM-
ARM200). In-plane and out-of-plane magnetization curves were mea-
sured using a SQUID vibrating sample magnetometer (Quantum
Design, MPMS3) at 300K. To determine the inducedMA, magnetic tor-
que measurements were performed at 300K (QuantumDesign, PPMS).
Typical RHEED patterns of MAO and CFO into [100] azimuth
are presented in Figs. 1(a) and 1(b), respectively, indicating epitaxial
growth of the CFO thin film. Typical streak patterns of a spinel struc-
ture are observed, and a reconstruction of the surface structure is con-
firmed, as in the case of epitaxial Fe3O4(001) thin films.
13,14
Next, in-plane and out-of-plane lattice constants (ak and a?) of
the films were evaluated from the corresponding XRD measurements,
as shown in Figs. 1(c) and 1(d), respectively. Both ak and a? are
dependent on the film thickness, as shown in Fig. 1(e). ak and a?
become close to a0 when increasing the film thickness, signifying
that misfit relaxation occurs at least with those thicknesses. Therefore,
the observed ak and a? are both volume average lattice constants.
Figure 1(f) shows e2 vs e1 plots, where the slope of the fitting line
provides the apparent Poisson’s ratio15 (e2=e1 ¼ 2=ð1 Þ) of
1:0660:02, indicating that the Poisson’s ratio of the CFO(001) film is
 ¼ 0:356 0:01. Note that this value is close to that reported by Lisfi
et al.16 and slightly smaller than that reported by Niizeki et al.12
To investigate the interfacial structure, including the misfit relax-
ation, we carefully investigated the cross sectional STEM image of the
CFO(81.6 nm)/MAO(001) film shown in Fig. 2(a). Figures 2(b)–2(d)
show the fast Fourier transform (FFT) image converted from Fig. 2(a),
the magnified STEM image near the interface, and the FFT filtering
image corresponding to Fig. 2(c), respectively. Using the spacing of the
MAO(001) substrate as a standard in Fig. 2(d), the mean lattice spac-
ing of CFO(001) along the [100] direction akðDÞ was determined at a
distance D from the MAO/CFO interface. For comparison with ak
determined by XRDmeasurements, we derived the average lattice con-
stant aSTEMk Dð Þ ¼ 1D
ÐD
0 akðDÞdD, as shown in Fig. 2(e). aSTEMk Dð Þ and
ak were roughly consistent within the experimental error. One can see
that misfit relaxation occurs at a very early stage in film growth.
According to Gatel’s report,17 CFO (5nm)/MAO(001) films deposited
by molecular beam epitaxy seem to grow coherently without misfit
dislocation. This is inconsistent with our result, suggesting that film
deposition methods affect the details of the growth process as well as
the local structures. Moreover, in the case of CFO/MgO(001) films
grown by reactive magnetron sputtering, coherent growth was con-
firmed up to the 50nm thick films.12 Thus, the misfit relaxation pro-
cess of CFO(001) epitaxial films depends on the value of lattice
mismatch, as well as its sign.
FIG. 1. RHEED patterns obtained in [100] azimuth of (a) a MAO(001) substrate
and (b) a CFO(001) thin film. (c) and (d): In-plane and out-of-plane XRD patterns.
The peak shift depending on the thickness indicates that a thinner film is more dis-
torted. (e) The thickness dependence of ak and a?. (f) A plot of e1 vs e2. The
slope of the fitting line indicates an apparent Poisson ratio of 1:0660:02.
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Figure 3(a) shows the in-plane MH-curves of the films with
different thicknesses. All films showedMs comparable to the bulk (Ms
¼ 425 kA/m). Figures 3(b) and 3(c) show the thickness dependence of
Ms and areal saturation magnetization Ms  t, respectively. In the case
of CFO films on MgO(001) substrates, the thickness of a magnetic
dead layer has been reported to be 2–5nm.12,18 The dead layer was
believed to originate from high-density anti-phase boundaries (APBs)
because of the difference in crystal structures between MgO and CFO.
On the other hand, in the case of CFO/MAO(001), the intercept of the
vertical axis was positive which is 0:766 0:16  103 A, which
implies that instead of a dead layer, there is a part enhancing magneti-
zation around the interface. Because both MAO and CFO are isostruc-
tural, MAO is an appropriate material to reduce interfacial defects
such as APBs.19,20 The layer contributing to increased magnetization
may originate from charge discontinuity at the interface between nor-
mal spinel MAO and inverse spinel.21 Another possible explanation
for the increase in magnetization is the orbital moment of Co2þ at the
vicinity of the interface caused by the large lattice distortion. Note that
the saturation fields for the out-of-plane MH-curves are higher than
l0H ¼ 7T, and we therefore neither obtain plausible MH-curves nor
determine Ku by taking into account the difference between the in-
plane and out-of-planeMH-curves. We note that the error bars in Fig.
3(c) are smaller than the size of markers.
To evaluate Ku quantitatively, angle dependent magneto-torque
LðhÞ was measured. Here, h stands for the angle between the external
field and the [001] direction of the film. The field was rotated in the
(010) plane. Figure 4(a) shows the magneto-torque curves of CFO
(45.4 nm)/MAO(001) at various fields up to l0H ¼ 9 T. Since the
anisotropy energy with a uniaxial symmetry is roughly expressed as
EA ¼ Kusin2u, where u stands for an angle between the magnetiza-
tion direction and the direction normal to the film plane, the shape of
LðhÞ becomes sinusoidal if the magnetization direction coincides with
FIG. 2. (a) Cross sectional STEM image. (b) A FFT image of (a). (c) The magnified
STEM image corresponding to the square region in (a). (d) The FFT filtering image
of (a) where the mask is indicated as two ellipsoids in (b). Here, the region corre-
sponding to (c) is shown. Horizontal dotted lines in (a), (c), and (d) indicate the
interface. (e) The average lattice constant from the interface distance D extracted
from the FFT filtering image is shown as red circles. The blue markers show that
evaluated by XRD.
FIG. 3. (a) The MH-curves of all the samples with different thicknesses. (b) Plot of
Ms and (c) thickness dependences of Ms  t. The intercept and slope in (c) are
0:7660:16  103 A and 41264 kA/m, respectively.
FIG. 4. (a) Magneto-torque curves of CFO(001) (45 nm)/MAO. The saw-tooth-like
curves represent the large magnetic anisotropy field. The inset shows the experi-
mental geometry. (b) Miyajima’s plot, where the linear fitting was performed for over
6 T, as shown by the blue line. Here, we exclude the torque data at the lower field
due to multi-domain states. The error bars are less than the size of the markers.
The x-intercept represents the effective Ku ¼ 3.2 MJ/m3.
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that of the external field. However, the values of LðhÞ when plotted
show saw-tooth-like curves with rotational hysteresis, which indicate
that the anisotropy field is much greater than l0H ¼ 9 T. One can
find the angles of LðhÞ ¼ 0 at h  0 ð180Þ and h  90 ð270Þ. As
the slope at h  0 ð180Þ is positive and steep whereas that at h
 90 ð270Þ is negative and gentle, h  0 ð180Þ corresponds to the
hard direction, and h  90 ð270Þ corresponds to the easy direction.
To obtain accurate Ku, we adapted Miyajima’s method as shown in
Fig. 4(b).22 In this method, we plot the torque data taken at h ¼ 45 as
ðLðhÞ=VHÞ2 versus LðhÞ=V , where V represents the sample vol-
ume. If the magnetic field is large enough to make a single domain,
data points taken at different magnetic fields will be aligned as a
straight line. The slope and horizontal intercept of the line give Ms
and Ku, respectively. We fitted the plots at l0H  6 T as a linear func-
tion drawn by a blue line in Fig. 4(b) and obtained Ms and Ku to be
410 kA/m and 3:2 MJ/m3, respectively. Since the shape anisotropy
energy is l0Ms
2=2  0:1 MJ/m3, the intrinsic Ku induced by the
magnetoelastic effect is 3:1 MJ/m3. Note that theMs extracted from
the torque analysis was reasonably close to the value obtained from
theMH-curve measurement (Ms ¼ 435 kA/m). In-plane torque curves
were also measured to evaluate MA in the plane. Magneto-crystalline
anisotropy energy K1 with four-fold symmetry was estimated to be
0.2MJ/m3 from the 4h component (not shown), which is comparable
to the bulk value of 0.29MJ/m3.3
Next, we discuss whether the induced Ku can be explained by the
phenomenological ME theory. Figure 5(a) shows the tetragonality
dependence of the induced Ku. The best fit red line expresses a linear
relationship with the slope corresponding to a ME constant
B1 ¼ 0:156 0:01 GJ/m3. This value is almost the same as 0.14GJ/m3,
estimated from bulk parameters (B1 ¼ 32 k100ðC12  C11Þ, where k100¼590 106, C11¼ 273GPa, and C12¼ 106GPa).3,9 This supports
the validity of the phenomenological model of Ku ¼ B1ðe1  e2Þ at
least up to e1  e2 ¼ 0:04.
Inoue et al. recently calculated the induced MA of a Co2þ ion
located in octahedrally coordinated B-site of a spinel ferrite within a
framework of the cluster model by the tight binding method.23 In their
calculation, they incorporated the local crystal field of VE instead the
tetragonality e1  e2. The induced Ku dependence on VE in the CFO
cluster was well explained over a wide range, and the valid range of the
phenomenological relationship of Ku ¼ B1ðe1  e2Þ as well as the Ku
behavior at both limits of the tetragonal distortions was discussed.23,24
Because of the difficult treatment of electron correlation, to calculate
Ku, they extended the single ion model to a cluster composed of near-
est neighbor oxygen ions and the next nearest neighbor cations. In
addition, their calculations were performed within the framework of a
semi-quantitative measure of the tetragonal distortion, thus signifying
that their calculation results contained some relative parameters.
As shown in Fig. 5(b), this cluster calculation23 predicts the fol-
lowing characteristic behaviors in a tetragonally distorted CFO(001)
film. (i) When the tetragonal lattice distortion is small enough, the
induced Ku is proportional to the tetragonality, as described in the
phenomenological ME theory. (ii) The linearly changing region of Ku
is almost symmetric to the origin. (iii) With increasing e1  e2, Ku
reaches the order of the magnitude of the spin-orbit interaction kSOI of
Co2þ. (iv) On the contrary, when e1  e2 decreases as a result of the
application of compressive stress, Ku exhibits a dip and then
approaches zero. Using Ref. 23, we replotted Ku in terms of MJ/m
3 for
kSOI ¼ 10meV.24 By assuming a trigonal crystal field potential of VT
¼0.5 kSOI and a tetragonal crystal field potential of VE ¼ 0:5 kSOI,
the minimum Ku expected from the cluster model calculation was
approximately8MJ/m3. This implies that a more negative Ku can be
induced in CFO(001) films if larger compressive stresses are applied.
We note that such a large MA and high electrical resistivity of CFO
are the potential characteristics for high frequency devices.25 The
anisotropy fields for magnetization rotations in out-of-plane and in-
plane are Ha1 ¼ 21:5 MA/m and Ha2 ¼ 0:75 MA/m, respectively.
The resonance frequency26 fr ¼ 0 = 2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ha1Ha2
p
can thus reach
approximately 140GHz. Here, 0 is the gyromagnetic ratio.
As mentioned above, the observed Ku of CFO/MAO(001) with
e1  e2 ¼ 0:04 can be explained by phenomenological ME theory of
Ku ¼ B1ðe1  e2Þ. Moreover, the cluster model calculation suggests
that the induced Ku is symmetric in the valid range of the phenomeno-
logical model. Therefore, if a CFO(001) film with e1  e2 ¼ 0:04 is
grown, a positive Ku as large as 6MJ/m
3 may be expected, which is
greater than that of Nd2Fe14B.
27
In summary, we have examined the validity of the magneto-
elastic theory for CFO(001) epitaxial films grown on MAO(001) sub-
strates. The CFO thin films were deposited by reactive RF magnetron
sputtering, and all samples showed saturation magnetization compara-
ble to the bulk one. In the thinnest film, a large compressive strain
(e1  e2 ¼ 0:04) was confirmed by XRD measurements, and large
negative Ku ¼ 5:9 MJ/m3 was confirmed by magneto-torque mea-
surements combined with the extrapolation analysis technique. The
estimated value of magneto-elastic coefficient B1 was 0:1560:01GJ/
m3, which was consistent with the bulk value of 0:14GJ/m3. Although
the lattice misfit between the CFO(001) and MAO(001) is as large as
3:58%, the strain-induced MA energy for the compressive tetragonal
distortion can be quantitatively explained by the magneto-elastic
model. Our results suggest the potential of distorted CFO for high fre-
quency devices in the millimeter band.
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FIG. 5. (a) Experimentally obtained Ku vs tetragonality plot. The red line is the fit-
ting result as a linear function, whose slope indicates B1 ¼ 0:1560:01 GJ/m3. (b)
Calculation result of Ku vs VE with three types of VT redrawn from Ref. 23, assum-
ing kSOI ¼ 10 meV. In this calculation, the tetragonality is expressed as a strength
of the tetragonal crystal field and measured in the spin-orbit constant kSOI of Co
2þ.
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